Zika virus (ZikV) is a flavivirus that infects neural tissues, causing congenital 34 microcephaly. ZikV has evolved multiple mechanisms to restrict proliferation and 35 enhance cell death, although the underlying cellular events involved remain unclear. 36 Here we show that the ZikV-NS5 protein interacts with host proteins at the base of the 37 primary cilia in neural progenitor cells, causing an atypical non-genetic ciliopathy and 38 premature neuron delamination. Furthermore, in human microcephalic fetal brain 39 tissue, ZikV-NS5 persists at the base of the motile cilia in ependymal cells, which also 40 exhibit a severe ciliopathy. While the enzymatic activity of ZikV-NS5 appears to be 41 dispensable, the Y25, K28 and K29 residues in the protein, that are involved in NS5-42 oligomerization, are essential for the localization and interaction with components of the 43 cilium base, promoting ciliopathy and premature neurogenesis. These findings lay the 44 foundation to develop therapies that target ZikV-NS5-multimerization, preventing the 45 developmental malformations associated with congenital Zika syndrome 46 47 48 Zika virus (ZikV) is a flavivirus transmitted by the bite of the Aedes mosquito 1 . The 11 49 kb positive-sense, single-stranded RNA genome of ZikV encodes ten mature viral 50 proteins: three structural proteins (C, prM and E) and seven non-structural proteins 51 (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) 1 . A single amino acid substitution 52 (S139N) in prM seems to be responsible for the change in virus tropism that provokes a 53 dramatic increase in neonatal microcephaly 22 , and that has led to this virus being 54 declared a global threat to public health. ZikV can directly infect human neural 55 progenitor cells (NPCs) in both 2D and 3D in vitro models of the developing cerebral 56 cortex, resulting in defects resembling congenital microcephaly 3-8 . However, the 57 mechanisms by which ZikV disrupts neurogenesis have not yet been fully elucidated.
INTRODUCTION
NS5 co-localized with BART and with centrosomal markers (Fig. 1u , Extended Data 163 Fig. 2h ). In addition, the Y2H screen retrieved three ZikV-NS5 protein interactors that 164 localize to the nuclear envelope (Emerin, Nesprin and Dystonin: Fig. 1e ). ZikV-NS5 165 pulled down Emerin from HEK293 cells (Fig. 1r ), a member of the nuclear lamina-166 associated protein family that controls anchorage to the cytoskeleton and that links 167 centrosomes to the nuclear envelope through an association with microtubules 31, 32 . 168 Together these data indicate the ZikV-NS5 interacts with protein components of the 169 base of the primary cilium in NPCs.
171
ZikV-NS5 causes a ciliopathy and premature neuron delamination 172 In dividing NPCs, cilia length shortens prior to entry into mitosis and the ciliary 173 membrane remnant is internalized along with the mother centrosome. The daughter cells 174 that inherit the mother centrosome can reform long cilia faster and they remain as 175 NPCs, while the differentiating daughter cells delaminate from the ventricular surface 176 and migrate to the lateral NT ( Fig. 2a) 23, 33 . We assessed whether ZikV-NS5 affects cilia important regulator of proliferation 33,34 . 198 In NPCs, apical centrosomes organize a microtubule ring that, when aligned with the 199 actin cables, plays an active role in reducing their apical surface and withdrawing their 200 apical endfoot from the ventricular surface ( Fig. 2a) 35, 36 . We evaluated whether ZikV-201 NS5 might influence neural delamination, since BART localizes to this apical belt 202 (Figs. 1p-q, 2j; Extended Data Fig. 2h , j-k). We measured the apical area (AA) of 203 electroporated cells surrounded by non-electroporated neighbors in en face images of 204 the NT, the latter used as a reference for AA restriction. The proportion of NPCs with a 205 smaller AA is higher following ZikV-NS5 electroporation (control ratio=28.32 ± 5.13; 206 ZikV-NS5 ratio=41.90 ± 6.7: Fig. 2k ; control median=0.7 ± 0.53 AU, n=163; ZikV-207 NS5 median =0.51 ± 0.46 AU, n=213: Extended Data Fig. 2l ). The AA was delimitated 208 by the AJ-associated protein N-cadherin and the centrosome was defined by FOP ( Fig.   209 2m). In the non-restricted AA, ZikV-NS5 localizes to either the central or lateral NPCs at 16 hpe (n=5 embryos) showed that 93 ± 7% of the NPCs expressed pTis21-229 RFP when ZikV-NS5 was localized to the cilium base, as opposed to 25 ± 10% of NPCs 230 in which ZikV-NS5 localizes to the nucleus (n=5 embryos), or 25 ± 3% of the control 231 NPCs (n=6 embryos: Fig. 2p ). Together, these data indicate that primary cilia 232 elongation is impaired and apical enfoot restriction is accelerated in NPCs exposed to 233 ZikV-NS5 protein, two key events that promote neural delamination. These results 234 prompted us to study how the ZikV-NS5 protein affects primary neurogenesis and 235 embryonic CNS growth.
237
The multimeric arrangement of ZikV-NS5 is required to promote terminal 238 neurogenic divisions 239 Normal growth of the CNS requires a fine balance between the different modes of NPC 240 division and a premature switch to neuron generating divisions may cause 241 microcephaly 33 . Symmetric proliferative divisions that leave two NPC daughter cells 242 (PP) can be monitored in vivo with the pSox2-EGFP construct, whereas pSox2-EGFP 243 and the neurogenic pTis21-RFP reporter are co-expressed in asymmetric divisions that 244 produce one NPC and one differentiating neuron (PN). By contrast, symmetric 245 neurogenic divisions generating two neurons (NN) that detach from the ventricular zone 246 can be monitored by the expression of the pTis21-RFP reporter ( Fig. 3a ) 24, 38, 39 . To 247 determine whether ZikV-NS5 affects the mode of NPC division, stage HH10/12 248 embryos were co-electroporated with ZikV-NS5 together with the pSox2-EGFP/pTis21-249 RFP reporters (Fig. 3b ). When the embryos were analyzed at 24 hpe through fluorescent 250 activated cells sorting (FACs), the rate of PP divisions (pSox2-EGFP + cells) was seen to 251 decrease significantly in ZikV-NS5 embryos (from 51 ± 2% in controls to 30 ± 2.8% in 252 ZikV-NS5 embryos). This reduction in PP divisions took place at the expense of an 253 increase in neurogenic divisions (from 18 ± 1.6% in controls to 46.4 ± 5.6% in ZikV-254 NS5 embryos: Fig. 3c ). Similarly, when embryos electroporated were immunostained at 255 24 hpe, there was again a clear decrease in the rate of PP divisions (in pH3 + cells) in 256 ZikV-NS5 embryos (from 32± 3.4% in the controls to 16± 6.5% in ZikV-NS5-EP 257 embryos), which was compensated by an increase in NN divisions (from 13± 3.4% in 258 controls to 33 ± 6.4% in ZikV-NS5-EP embryos: Figs. 3d-f). Together these data 259 suggest that by preventing cilia elongation, the ZikV encoded NS5 protein alone is 260 sufficient to switch the mode of NPC division and to promote neural delamination.
261
Thus, ZikV-NS5 drives the exhaustion of the neural progenitor pool.
262
To better define the neurogenic effects of ZikV-NS5, we monitored the expression of and E218, which are in close contact with the S-adenosylmethionine (SAM) co-factor, 279 the methyl group donor for the reaction (Fig. 3g ). However, a single amino acid 280 substitution (D146A) was sufficient to abolish MTase activity 13 (MTDead). To assess 281 whether this enzymatic activity is required for the neurogenic capacity of ZikV-NS5, we 282 co-electroporated the pTis21-Luciferase reporter together with the ZikV-NS5-MTDead 283 construct. Consequently, the luciferase activity of the reporter increased in response to 284 mutant ZikV-NS5 MTase in a similar manner to that produced by the ZikV-NS5 protein 285 ( Fig. 3i ). Indeed, the ZikV-NS5-MTDead construct also provoked an increase in the rate 286 of NN divisions in embryos when analyzed by FACs (13 ± 3% in controls, 42.5 ± 4.5% 287 in ZikV-NS5, and 40.5 ± 3% in ZikV-NS5-D146A embryos: Fig. 3j ).
288
We recently characterized the supramolecular arrangement of the full-length ZikV-NS5, 289 highlighting the assembly of NS5 monomers into dimeric structures, as well as the ZikV-NS5 subunit 12 (Fig. 3h ). To test whether the multimeric arrangement of ZikV-294 NS5 is required to promote premature neurogenesis, we used the ZikV-NS5-295 Y25A/K28S/K29A mutant that fails to form dimers 13 (MultimDead). This MultimDead 296 mutant protein did not increase pTis21-Luc reporter activity ( Fig. 3i ) and in embryos 297 analyzed by FACs at 24 hpe, dimerization was required for ZikV-NS5 to promote the 298 neurogenic mode of NPC division (25 ± 2% NN divisions in ZikV-NS5-MultimDead 299 embryos: Fig. 3j ). These data indicate that while the enzymatic activity of NS5 is 300 dispensable, ZIKV-NS5 oligomerization is required for this protein to promote 301 neurogenesis.
302
To define the cellular mechanisms altered by the Zikv-NS5 protein variants, we 303 followed their subcellular distribution in chick embryo NPCs. The ZikV-NS5 MTDead 304 protein was detected in the nucleus and at the cilium base, like the wild type protein, 
341
Infection of the tissue was confirmed by immunostaining for the viral NS5 protein 8 , 342 which consistent with the viral infection early in gestation, spread from the ependymal 343 layer, to the SVZ and CP (Fig. 4c ). Moreover, the viral NS5 protein was detected in 344 sub-ependymal cells ( Fig. 4d ) and in ECs, co-localizing with the acetylated α-tubulin-345 labelled cilia shaft (Figs. 4e, f), cilia that are much shorter than in the control GW 21 346 ECs (Fig. 4g) .
347
In addition, we observed a severe disorganization of the S100β + ECs lining the ventricle 348 ( Fig. 4h ), as reported in ZikV infected macaque tissues 9 , with differentiating ECs Together our analysis revealed that ZikV infection of human foetal brain tissue not only 369 compromises primary neurogenesis, resulting in a severe microcephalic brain but also, it 370 disrupts EC differentiation and provokes a ciliopathy in these cells. This ciliopathy is 371 likely to impair the flux of CSF elements necessary for brain homeostasis in these cells, 372 as well as for toxin wash-out, further contributing to the developmental malformations 373 associated with congenital Zika syndrome, such as microcephaly and ventriculomegaly. also be observed in a number of primary cilia disorders 49 . Indeed, here we show that a 413 single pathogen can cause both types of ciliopathy, depending on the cell targeted. 414 We have also demonstrated that both ciliopathy and the imbalance in the mode of 415 division produced by ZikV-NS5 are strongly dependent of its quaternary structure. The show that the capacity of ZikV-NS5 to form multimers contributes to its interference 423 with components of the cilium base, a fundamental mechanism underlying the distinct 424 developmental malformations attributed to congenital Zika syndrome. These findings 425 suggest alternative routes that could be followed in order to discover new antiviral 426 agents that target the intermolecular interfaces involved in dimer/oligomer formation. Supplementary Table 3 800 List of Antibodies used in this study 801 802 Supplementary Table 4 803 List of oligonucleotides used in this study 
